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The LIGO/Virgo collaboration has recently announced the detection of a heavy binary black hole
merger, with component masses that cannot be explained by standard stellar structure theory. In
this letter we propose several explanations based on models of new physics, including new light par-
ticle losses, modified gravity, large extra dimensions, and a small magnetic moment of the neutrino.
Each of these affect the physics of the pair-instability differently, leading to novel mechanisms for
forming black holes inside the mass gap.
On 21 May 2019, the Advanced LIGO and Virgo col-
laboration observed a gravitational wave signal compat-
ible with a binary black hole inspiral of total remnant
mass1 142+28−16M [1, 2]. Remarkably, the component
masses, of m1 = 85
+21
−14M and m2 = 66
+17
−18M re-
spectively, lie firmly within the Black Hole Mass Gap
(BHMG) predicted by stellar structure theory. While
the precise location of the BHMG is subject to vari-
ous sources of uncertainty — nuclear, astrophysical, and
computational — the LIGO/Virgo collaboration finds
the probability of finding mGW1905211 < 0.1% (< 0.3%)
if the gap is located at 50M (65M) [1, 2]. Recent
works [3–6] found the location of the mass gap to be
. 50M with individual uncertainty estimates no greater
than ±4M. As such, GW190521 is a potential hint of
new physics.
The BHMG is a manifestation of pair-instability super-
novae (PISN): the densities and temperatures in the cores
of metal-poor, massive (& 50M) population-III stars al-
low for the production of electron-positron pairs from the
plasma. In turn, this reduces the photon pressure, desta-
bilizing the star and causing it to contract. The resulting
temperature increase leads to rapid thermonuclear burn-
ing of 16O, which releases energy comparable to the star’s
binding energy. The subsequent explosion can be so vi-
olent that the entire star becomes unbound, leaving no
black hole remnant. The onset of the PISN defines the
lower edge of the BHMG. The pair-instability is quenched
in sufficiently heavy objects (M & 120M) because the
energy from the contraction is channeled into photodisin-
tegration of heavy elements. The quenching of the PISN
defines the upper edge of the BHMG.
The presence of physics beyond the Standard Model
(BSM) may modify the PISN to produce heavier black
holes. Refs. [7, 8] pioneered the effect of light particle
1 The central value and error bars, as will be true throughout, are
the median value and the 90% credible posterior intervals.
emission during the helium burning stage of the stellar
evolution. It was found that an extra dissipation channel
at this stage speeds up helium depletion, with the conse-
quence that less oxygen is produced via the 12C(α, γ)16O
reaction. The BSM physics therefore directly implies
less violent thermonuclear explosions, resulting in heavier
black holes. We will discuss several examples of models
of new physics that change the location of the BHMG
essentially through this mechanism.
An alternative mechanism is found in models of
screened modified gravity. Such theories can effect an
environment-dependent modification to the value of the
gravitational constant, G, which would in turn impact
stellar evolution up to and including PISN. As we dis-
cuss in more detail below, an increase in G moves both
edges of the BHMG to lower masses, while a decrease in
G has the opposite effect [9]. GW190521 could therefore
result from black holes below the gap that formed in an
unscreened environment with decreased G, or from black
holes above the gap that have formed in an environment
with an enhanced G.
GW190521 – Following the LIGO/Virgo collaboration,
we quote results using the NRSur7dq4 waveform model
[10], based on a numerical relativity surrogate model ob-
tained from direct interpolation of numerical relativity
models [11] (results using other waveform models are
compatible for all parameters, with slightly higher me-
dian posterior values for all masses [2]). The total system
mass is measured to be m1 +m2 = 150
+29
−17M, its chirp
mass M ≡ (m1m2)3/5/(m1 + m2)1/5 is M = 64+13−8 M
with mass ratio m2/m1 = 0.79
+0.19
−0.29, and the initial spins
are measured to be χ1 = 0.69
+0.27
−0.62 and χ2 = 0.73
+0.24
−0.64.
The sky localization is ∆Ω = 774 deg2, or roughly 2% of
the sky. The source redshift is measured to be 0.82+0.28−0.34,
corresponding to a luminosity distance of DL = 5.3
+2.4
−2.6
Gpc. Using a Jeffreys prior p(R) ∝ R−0.5 to constrain
the rate given a single detection of a rare event, the rate
for events similar to GW190521 is R = 0.13+0.30−0.11 Gpc
3/yr
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[2]. The signal is consistent with a circular merger, al-
though the number of orbits in the signal band allows for
the possibility of some eccentricity, with unclear implica-
tions for the mass extraction [2].
Standard Model Explanations – The formation of a
black hole within the mass gap is a challenge for standard
astrophysical theory. The physics of the pair instability
is a simple manifestation of the change in the adiabatic
index of a pressure-supported star. Without augmenting
the Standard Model (SM) of particle physics with new
phenomena, there are two pathways for producing black
holes in the mass gap: quenching stellar winds or pul-
sations before the black hole is formed, or adding mass
after the black hole is formed. Using an old version of
the numerical code MESA and the assumption that the
entire He+C+O stellar core after pulsations becomes a
black hole – in reality, only bound material contributes
– Ref. [12] reports a black hole mass slightly in excess of
the value found in Ref. [4]. Likewise, Ref. [13] reports
a remnant mass of 56M for a single, non-rotating pro-
genitor with an intact hydrogen shell using the model
of Ref. [14] to diagnose a failed explosion. However, us-
ing the most up-to-date version of MESA, uncertain and
stochastic effects like convection [15], wind-loss efficiency,
mixing, electroweak physics, and metallicity [4] were all
found to affectM
(SM)
BHMG . 50M, the location of the lower
boundary of the mass gap in the SM, by . 3M. One
seeming exception to this rule is the uncertainty derived
from the 12C(α, γ)16O rate, variation of which can sub-
stantially impact M
(SM)
BHMG because of its importance in
determining the amount of combustible 16O present dur-
ing pulsations [5]. Nevertheless, the most recent compi-
lation of experimental and theoretical work on this rate
[16] leads to a propagated 1σ uncertainty on M
(SM)
BHMG
of only +0(−4)M [5]. Thus, this rate is not expected
to lead to substantially larger uncertainty compared to
other SM effects [17], and the direct creation of a black
hole, especially one as massive as the primary object in
GW190521, seems unlikely.
The formation of black holes in the mass gap after the
formation of smaller initial black holes is possible through
two primary mechanisms. One possibility is hierarchical
mergers of two sub-mass-gap black holes. As discussed
in detail in [2], the likelihood of hierarchical mergers de-
pends strongly on the natal environment and the details
of the initial black hole formation, but a larger num-
ber of high-precision events will enable statistical anal-
ysis of these effects. Alternatively, super-Eddington ac-
cretion (from common-envelope evolution or stable mass
transfer) may “pollute” the mass gap [18, 19], but a re-
cent study in the context of a population synthesis model
found no pairs with combined mass in excess of 100M
[20]. These mechanisms for mass increase after black
hole birth, though beset by uncertainties, will be bet-
ter understood with dedicated modeling and additional
observational constraints from future LIGO/Virgo runs.
Beyond the Standard Model Explanations – While
uncertainties, predominantly astrophysical in origin, pre-
clude unambiguous interpretation of GW190521, we
demonstrate here how BSM physics can bridge the gap
and produce black holes with masses consistent with
those observed in GW190521. Our focus here is on new
light particles, large extra dimensions, a large magnetic
moment of active neutrinos, and modified gravity, but
other BSM models may affect the PISN through the same
essential mechanisms. Our quantitative results derive
from numerical simulations using the stellar structure
code MESA version 12778 (the most up-to-date version)
[19, 21–23]. Our numerical prescription is given in [7–9]
and mirrors recent studies of the BHMG using the same
code [3, 4]. We summarize our results in Fig. 1.
New particles are abundant in BSM theories and may
potentially be related to dark matter physics. Light de-
grees of freedom which couple to the material in the star
may lead to energy loss, as neutrinos do in the SM.
The effect that this extra dissipation has on MBHMG
depends on the production mechanism. Refs. [7, 8]
studied the effects of hidden photons, primarily pro-
duced via plasma resonance, photophilic axions, primar-
ily produced via Primakov emission, and electrophilic ax-
ions,2 produced primarily in the semi-Compton process
e + γ → e + γ + a. The different temperature scaling
of these effects (∝ 2m2A′ T , ∝ g210 T 4, ∝ α26 T 6 for hid-
den photons, photophilic axions, and electrophilic axions
respectively) implies a different scaling of MBHMG with
BSM coupling.
Dissipation due to light particle production in stellar
cores has been studied in other astrophysical scenarios,
resulting in stringent constraints. In particular, the in-
ferred cooling rates of white dwarfs and red giants in
globular clusters [25] provide constraints in tension with
the electrophilic axion scenario presented here; observa-
tions of the sun with the CAST experiment [26] and from
global structure fits [27] constrain the photophilic axion
to have a coupling g10 ≤ 4 or stronger, depending on the
axion mass; and requiring that dark photons not over-
whelm the luminosity of Boron-8 neutrinos from the Sun
places a limit mA′ . 1 × 10−11 eV [28, 29]. However,
underexplored parameter degeneracies such as the popu-
lation metallicity [30] or the age of the stars may reduce
the tension in distant stellar systems, and a new particle
with a mass kinematically accessible to helium-burning
but not hydrogen-burning reactions could evade Solar
bounds. We consider the electrophilic axion to be the
most promising candidate for further study, but analyses
including propagation of all uncertainties of these stellar
environments and with the full ranges of particle proper-
2 Of particular interest in light of an excess at XENON1T [7, 24].
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FIG. 1. Beyond the Standard Model explanations of GW190521 — the lower edge of the Black Hole Mass Gap MBHMG in
various theories of new physics, as well as the upper edge in the case of modified gravity. In cyan, the GW190521 primary
black hole mass m1 = 85
+21
−14M and in pink, the secondary mass m2 = 66
+17
−18M. The dashed line gives the Standard Model
prediction for the lower edge of the Black Hole Mass Gap, M
(SM)
BHMG.
ties is needed to definitively understand whether or not
the particles we suggest as drivers of large MBHMG are
phenomenologically viable.
Large extra dimensions may play a key role in un-
derstanding cosmological mysteries such as the nature of
dark energy [31] and the cosmological constant problem
[32–34]. In these scenarios, the SM is confined to a four-
dimensional sub-manifold embedded in a higher dimen-
sional bulk space-time governed by higher-dimensional
gravity. This allows for a novel loss mechanism in the in-
teriors of stars whereby SM particles can produce Kaluza-
Klein (KK) modes of the graviton. We have implemented
the losses due to KK modes resulting from photon-photon
annihilation, gravi-Compton-Primakoff scattering, and
gravi-bremsstrahlung processes into MESA using the rates
given in [35] for n additional compactified spatial dimen-
sions. The most important mechanism is photon-photon
annihilation, which scales as Tn+7.
The case n = 1 is strongly constrained by solar sys-
tem tests and for n ≥ 3 the constraints from collider ex-
periments are expected to be substantially stronger than
those available from stellar evolution [35], so we focus on
n = 2. The effects of losses are similar to those resulting
from light particle emission: the ratio of 12C to 16O after
core helium burning is enhanced, quenching the PISN
and forming heavier black holes. With the constraint
RLED ≤ 30µm [35–37], the LED scenario is capable of
accounting for the GW190521 progenitor masses if the
mass scale associated with the extra dimensions satisfies
Ms < 1 − 2 TeV for n = 2. For n = 2, CMS constrains
Ms & 3.9 TeV [38], which is again in some tension with
the value needed to produce a black hole as massive as
the primary object in GW190521, though this constraint
depends on the compactification geometry and details of
the collider signal process, and the viability of compact-
ifications with mass scale . 2 TeV calls for a thorough
investigation.
The magnetic dipole moment of the neutrino is
very small in the SM, such that for L ⊃ µν2 ν¯σαβνFαβ
the SM expectation is µν ∼ O(10−19)µB [39], where
µB = e/2me is the Bohr magneton. However, this oper-
ator can be large in BSM scenarios, which predict values
as large as µν ∼ O(10−10)µB . The non-zero magnetic
moment implies a coupling of the photon to neutrinos,
leading to additional neutrino production channels in-
side plasmas. As neutrinos are light enough to escape
the star’s gravitational field, the enhanced emissivity in
the stellar interior results in similar effects to those of
new light particle emission.
We follow Refs. [40, 41] to implement the additional
neutrino losses: plasmon decay (γ → νν¯) and pair pro-
duction via electron-positron annihilation (e+e− → νν¯).
As the latter process is strongly suppressed until very
high temperatures and quenched for a degenerate plasma,
the plasmon decay is expected to dominate during the
evolution of interest. We performed a full investigation
into the resulting suppression of the PISN with MESA and
found that black holes with masses compatible with the
GW190521 progenitors can be formed only if the neu-
trino’s magnetic moment exceeds µν & 10−9µB . Such
large magnetic moments are necessary as the enhanced
emission dominates at high density and low temperatures
[41], away from typical population-III stellar tracks. Ob-
servations of red giant stars in globular clusters place
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the leading constraints on such models, as strong as
µν < 2.2 × 10−12µB [42], and low-energy laboratory ex-
periments constrain values of µν of this magnitude as well
[43]. As such, we do not consider the neutrino magnetic
moment to be a viable explanation of GW190521.
Modified gravity theories are able to simultaneously
drive the acceleration of the cosmic expansion (dark
energy) while remaining compatible with solar system
tests of gravity [44–47]. They are also leading candi-
dates for explaining the Hubble tension [48–50]. Their
success is due to screening mechanisms, which suppress
fifth forces in high density environments. Low den-
sity objects such as dwarf galaxies in cosmic voids may
be unscreened, leading to large (100% or more) vari-
ations in the local strength of gravity. If GN is the
value of Newton’s constant measured in the solar sys-
tem, then objects in unscreened regions experience an ef-
fective value of the gravitational constant parameterized
by G = GN(1 + ∆G/GN), with ∆G/GN environment-
dependent. Screened environments like the Milky Way
therefore have ∆G/GN = 0.
In a forthcoming publication, three of us will present
the results of a detailed investigation [9] into the effects
of such theories on the structure, evolution, and fate of
population-III stars. We find that increasing the local
strength of gravity has the effect of raising the core tem-
perature at fixed density due to the necessity of a larger
pressure gradient to maintain hydrostatic equilibrium.
This increases the available energy for electron-positron
pair production, exacerbating the pair-instability. The
stars then undergo more violent pulsations encounter the
instability at lower mass, which prevents the formation
of heavy black holes. Similarly, the same effect causes
the PISN to quench in lower mass objects, leading to the
formation of intermediate mass (∼ 60–90M) black holes
that would otherwise have gone PISN. The ultimate re-
sult is a decrease in the location of both the upper and
lower edges of the BHMG. The converse is true for the-
ories where the strength of gravity is reduced.
For values of ∆G/GN > 0.25, upper edge black
holes have masses compatible with the primaries ob-
served in GW190521. Interestingly, this value (specifi-
cally ∆G/GN = 1/3) is typical of chameleon and f(R)
theories. It is thus possible that the progenitors of
GW190521 formed from heavier population-III stars in
an unscreened galaxy, while other LIGO/Virgo black
holes formed in screened galaxies, consistent with the
general relativity (GR) prediction of M
(SM)
BHMG. Similarly,
for values of ∆G/GN . −0.30, the lower edge of the
BHMG lies at MBHMG ∼ 85M. Note that the dynamics
of the black hole merger is identical to the corresponding
GR process. Screened modified gravity theories intro-
duce new light degrees of freedom (typically scalars) and,
as such, are subject to no-hair theorems [51, 52]. For this
reason, the black hole solutions and dynamics are iden-
tical to the predictions of GR: only the progenitor stars
feel the fifth force.
Theories in which the strength of gravity weakens in
unscreened environments are less common, with beyond
Horndeski models as the leading candidates [53, 54]. The
parameters of these theories needed to account for m1
and m2 inferred from GW190521 are nominally excluded
by other stellar structure probes [46, 53–60], however the
parameter Υ1 that controls the modifications is redshift-
dependent. Since the current constraints derive from low-
z probes, it is in principle possible to construct theories
that imply strong deviations at 5.3 Gpc while being con-
sistent with local constraints.
Discussion – Simulating the six models of new physics
discussed in the previous section, we derive the lower
edge of the black hole mass gap, MBHMG. The results
of these calculations are given in Fig. 1. This figure also
shows the best fit values and 90% confidence intervals of
the GW190521 component masses.
As seen in Fig. 1, the tension between the compo-
nent masses of GW190521 and the SM prediction of
M
(SM)
BHMG can be (partially) mitigated in models of new
physics. In particular hidden photon emission, large ex-
tra dimensions, and modified gravity may explain the
result at the 2σ-level, assuming that the SM result is
M
(SM)
BHMG = 47.2M. We note that SM uncertainties are
largely independent and complementary to the BSM ef-
fects presented here, such that a combination of different
effects may ultimately bridge the gap.
The exceptional event GW190521 provides a tantaliz-
ing hint of new physics at work in pair-instability super-
novae. The full catalogue of O3 events may be used to
shed further light on the black hole mass gap. While the
location and shape of the black hole population remains
uncertain, future gravitational wave observations may
reveal correlations between BH masses, spins, merger
rate, and redshift, and disentangle the various theoret-
ical uncertainties from the new phenomenology proposed
here. As the LIGO/Virgo collaborations continue their
thrilling exploration of new, unexpected corners of the
black hole landscape, we are excited to anticipate the
implications of these “black hole colliders” for particle
physics beyond the Standard Model.
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